Several trivalent cations, including lanthanum (La3+), inhibited the secretion (enterosorption) induced by the enterotoxins of Vibrio cholerae and Escherichia coli in the rabbit ileum in vivo. High concentrations (>10 mM) of La3+ were required to inhibit cholera enterotoxin (CE)-induced enterosorption, probably because of the adsorption of the La3+ to mucus and its precipitation by HCO3-. Exposure to lower concentrations of La3+ often potentiated the CE-induced enterosorption. If luminal La3+ exposure followed CE exposure, some recovery of the enterosorptive response was observed. The longer the lag between the CE exposure and the La3+ exposure, the greater was the recovery of the enterosorptive response. Lanthanum inhibited HCO,-secretion more than Cl-secretion.
By altering the luminal fluid pH at the time of La3+ exposure, it was found that La3+ was adsorbed to negatively charged luminal sites, having an apparent pK between 2.5 and 3.0. Although La3+ antagonized the enterosorptive response to CE, it mimicked rather than antagonized the cyclic adenosine 3', 5'-monophosphate elevation and cyclic guanosine 3',5'-monophosphate depression induced by the toxin. It is therefore concluded that the La3+ inhibition of the CE-induced enterosorption must have occurred at a site following the generation of the cyclic nucleotides. Cholera enterotoxin caused complex time-dependent changes in the mucosal cyclic adenosine 3', 5'-monophosphate and cyclic guanosine 3', 5'-monophosphate levels, as revealed by studying tissue cyclic adenosine 3', 5'-monophosphate/cyclic guanosine 3', 5'-monophosphate ratios. The possible roles these two cyclic nucleotides may play in the pathogenesis of the cholera diarrhea are discussed.
Stimulation of adenylate cyclase in the intestinal mucosa appears to be the mechanism via which cholera and Escherichia coli enterotoxins induce diarrhea (12, 13, 19) . The resulting increased tissue cyclic adenosine 3',5'-monophosphate (cAMP) concentration (20) is believed to mediate the secretion of the Cl-and HCO3-rich fluid (4, 15) , mucus, and the increased cell surface glycoprotein turnover (7) . As with other cAMP-mediated events, this is presumed to involve the stimulation of specific cAMP-dependent protein kinases (17) . The first step in the pathogenesis of experimental cholera is the binding of the enterotoxin to a membrane receptor, most probably the glycolipid GM, (3, 10, 11, 26) . Only one fragment of the cholera enterotoxin (CE) (fragment B) appears to contain a site that binds to the membrane receptor, whereas the other fragment (fragment A) is concerned with toxigenicity (5).
During some preliminary experiments we found that several lots of membrane filters (Millipore) adsorbed purified cholera enterotoxin. Prior treatment of the filters with bovine serum albumin or the polyvalent cation, protamine, blocked these enterotoxin binding sites, whereas treatment with the polyvalent anion ribonucleic acid did not. This suggested to us that some positively charged sites on the toxin molecule were responsible for its binding to the membrane filters (Millipore), and perhaps also to membrane receptors. A likely site for such an attachment at the receptor would be the membrane-associated glycolipid GM, sialic acid (11) . The present work represents an attempt to block the attachment of cholera enterotoxin to the intestinal luminal receptors by prior treatment with trivalent cations. The effects of this treatment on the cholera toxin-induced enterosorption and elevation of cAMP in the 1038 on November 1, 2017 by guest http://iai.asm.org/ Downloaded from intestinal mucosa were also investigated. In addition, the effects of both CE and the trivalent cations on tissue cyclic guanosine 3',5'-monophosphate (cGMP) levels were studied.
MATERIALS AND METHODS
Young adult New Zealand white rabbits were starved for 24 h prior to use. A laparotomy was performed under sodium pentobarbital anaesthesia, and a lower ileal loop of approximately 25 cm with a catheter placed in its distal end was prepared without interruption of the blood supply (14) . Several protocols were used, but they all had the following general format. (i) The loop was washed with 10 ml of saline.
(ii) The loop was then inoculated with 10 ml of an isotonic saline trivalent cation solution buffered to some appropriate pH. In control experiments this step used the identical solution lacking the trivalent cation. (iii) After 5-min exposure to this solution the loop was flushed with 50 ml of saline or an appropriately buftered isotonic solution. (iv) The loop was then inoculated with 5 ml of saline containing purified cholera enterotoxin, choleragen (6), prepared under contract for the National Institute of Allergy and Infectious Diseases by R. A. Finkelstein (The University of Texas Southwestern Medical School, Dallas Tex.). In some experiments a preparation of heatlabile Escherichia coli enterotoxin was used. This toxin, kindly supplied by R. Bradley Sack, was prepared as described (22) from E. coli 408-3 (078:H12) originally isolated from a patient with severe diarrhea in Calcutta. (v) After 5-min toxin exposure, the loop was flushed clear of any nonadsorbed toxin with 50 ml of saline. The catheter was then removed, the injection and catheter sites were excluded from the loop with ligatures, and the laparotomy was closed.
Five hours later the animals were sacrificed, the loop fluid volume and loop length were recorded, and, where appropriate, the loop fluid was collected anaerobically for HCO,-and Cl-determination with a Natelson microgasometer and a Cotlove chloridometer, respectively.
For the determination of the effect of variations in luminal fluid pH on La3+ induced effects, the loop was first flushed with 10 ml of an isotonic saline solution, buffered to the appropriate pH with 50 mM buffer. Next this same buffered solution, but containing La3+ at 40 mM, was passed through the loop at 7 ml/min for 5 min. The pH of the solution entering and leaving the loop was monitored. Nonadsorbed La3+ was then flushed from the loop with 20 ml of the buffered saline, and the luminal fluid pH was returned to near neutrality by flushing with 30 ml of saline, buffered to pH 7.0 with 50 mM tris(hydroxymethyl)aminomethane (Tris)-hydrochloride. The mucosa was then exposed to 5 Ag of CE in 5 ml of saline and buffered to pH 7.0 with 10 mM Tris-hydrochloride for 3 min, and nonadsorbed toxin was washed from the loop with 50 ml of saline. Control experiments were performed identically, but with La3+ absent from the initial buffered perfusing solution. The buffers used to bracket the appropriate pH ranges were Tris-hydrochloride, Tris-maleate, histidine-hydrochloride, aspartate-sodium hydroxide acetate-acetic acid, and glycine-hydrochloride.
To study the effects of CE and La3+ on ileal cyclic nucleotide levels, two groups of animals were used. In one group, three ileal loops were made in each animal, and these were randomly treated with saline (sham), 5 ug of CE for 3 min, or 40 mM La3+ for 5 min followed by 5 Mg of CE for 3 min. In another group, those loops were prepared and exposed similarly to saline (sham), 3 mM La3+, or 40 mM La3+. In all these experiments the saline, La3+ solutions, and CE solution were flushed from the loops with 50 ml of saline. Five hours later the animals were sacrificed with an overdose of pentobarbital, the loops were excised, and loop fluid volumes and loop lengths were measured. The loops were then quickly placed in, and flushed with, cold saline containing 8 mM theophylline. They were then opened at their antimesenteric border, spread on a glass plate, freed of excess mucus by gentle manipulation, and exposed to microwave irradiation for 20 s (21) to fix the cyclic nucleotide contents. The mucosa was scraped and homogenized in water (10:1, vol/wt) in a glass tissue homogenizer fitted with a motor driven Teflon pestle. The homogenate tissue protein was then precipitated with an equal volume of 10% trichloroacetic acid, centrifuged, hydrolyzed with NaOH, and measured by the method of Lowry et al. (16) . The supernatant was analyzed for cyclic nucleotides as outlined elsewhere (1). cAMP was measured using a protein binding technique (8) and cGMP was measured using a radioimmunoassay (23) .
Another study was undertaken to determine the time course of the changes occurring in ileal cAMP and cGMP levels following luminal exposure to 5ug of CE. To avoid the effects of excessive manipulation no catheters were used in these experiments. Two adjacent lower ileal loops were inoculated with either 5 ml of saline, or saline containing 5 Mg of CE, and the laparotomy was then closed. The animals were sacrificed with an overdose of anaesthetic 15, 30, 60, 120, 180, and 300 min later, and tissue cAMP and cGMP levels were measured as above. The variance of the absolute values of these cyclic nucleotides was too great to allow detection of statistically significant changes. However, the difference between the toxin treated and sham loop cAMP-cGMP ratios for the same animal was found to be a sensitive indicator of the toxin-induced changes occurring in the respective cyclic nucleotide levels.
Histological examination of ileal loop tissue was undertaken to determine whether La3+ caused any structural changes to occur. Hematoxylin-and eosinstained paraffin-embedded sections were made of ileal loops exposed to 5 ml of Tris buffered saline (pH 7.0) or an isotonic buffered saline solution containing 40 mM La3+. The loops were exposed for 10 min and flushed with 100 ml of saline, and the animals were sacrificed after 2 h. Figure 1 illustrates the effect of prior exposure of the ileal loop lumen to 30 mM LaCl3 on the enterosorption produced by subsequent exposure of the lumen to Other trivalent cations were tested for their ability to inhibit CE-induced ileal enterosorption (Table 1 ). All trivalent cations tested significantly reduced the CE-induced enterosorption. Solubility problems at or near neutral pH and due to the formation of insoluble oxides reduced the number of cationic species used in these experiments and necessitated adjusting the Sc3+ solution to a pH of 4.0. Exposure of the loop to a trivalent cation-free solution at pH 4.0 prior to CE exposure had no effect on the enterosorption. Table 2 shows that La3+ pretreatment of ileal mucosa was also effective in inhibiting the enterosorption produced by the heat-labile enterotoxin from a pathogenic strain of E. coli. Figure 2 illustrates the effects of La3+ on the 5-h anion net flux dose-response curve for HCO3-and Cl-and on the CE-induced enterosorption dose-response curve. At low doses of La3+ the toxin-induced enterosorption was often stimulated. From the standpoint of the net anion fluxes this stimulation was primarily of the HCO3-secretion. On exposure to La3+ at concentrations in excess of 10 mM, the toxininduced enterosorption was inhibited. As with the stimulation, this inhibitory effect was more marked for the HC03-secretion than for the Cl-secretion.
RESULTS
When the luminal exposure to La3+ occurred after the CE exposure, the inhibition of toxininduced enterosorption was less than when the La3+ exposure preceeded the CE exposure (Fig.  3) . The closer the La3+ followed the CE exposure, the greater was the effect of the cation. When 30 mM La3+ was inoculated 30 min after the CE exposure, substantial recovery of the toxin-induced enterosorptive response was observed. This involved recovery of both HCO3-and Cl-secretions, but the HCO3-secretion recovery predominated. When 40 mM La3+ was used in another group of experiments, similar results were obtained. The loop fluid volume was 0.441 i 0.065 ml/cm when the La3+ exposure preceded the CE exposure by 5 min, and was 0.931 i 0.192 ml/cm when it followed by 30 min.
To characterize the La3+ adsorption sites, the pH of the luminal fluid was altered at the time of La3+ exposure. Figure 4 illustrates that as the luminal fluid pH fell below 3.5, the La3+ inhibition of the CE-induced enterosorption was reduced, indicating a pKa of the binding sites of between 2.5 and 3.0.
The mucosal tissue cAMP levels were significantly higher at the end of 5 h in the CE group than in the sham group, as has been reported in the literature (20) (Table 3) . A mucosal cAMP levels and decreased its cGMP levels. Thus, La3+ appeared to mimic CE in its effects on mucosal tissue cAMP and cGMP levels.
The difference between the cAMP-cGMP ratios of toxin-treated and sham loops was calculated and used as a measure of the effects of CE on the respective cyclic nucleotides (Fig.  5) . By 60 min after CE inoculation there was a significant decline in this ratio in the toxintreated loops relative to that in sham loops, primarily due to an increase in the cGMP content of the toxin-treated preparations. This was followed by a progressive increase in the difference between the ratios, due both to a time-dependent increase in cAMP levels and to a decrease in cGMP levels in the toxin-treated preparations. The time course of the CEinduced enterosorption in these experiments was such that a slight but variable secretion was detectable in the toxin-treated loops at 60 min, after which the enterosorption progressively increased.
No distinction could be made histologically between the ileal mucosa taken from sham and from La3+-treated loops. Thus it seems unlikely that La3+ inhibited CE-induced enterosorption by causing morphologically identifiable damage to the cells responsible for the hypersecretion.
DISCUSSION
The original hypothesis that La3+ would compete with the CE molecule B fragment for some negatively charged site on the glycolipid receptor appears untenable. If La3+ blocked the action of the CE at the receptor level, it would have inhibited CE stimulation of adenylate cyclase and prevented cAMP accumulation. This did not occur (Table 3) . In fact, La3+ alone had the same effect on tissue cAMP and cGMP levels as did CE, for both La3+ and CE reduced cGMP and increased cAMP levels when observed 5 h after exposure. Yet La3+ at concentrations as high as 40 mM did not cause any measurable enterosorption to take place. La3+ on CE-induced enterosorption it is necessary to assume that La3+ acted on at least two sites. The first site was the one which allowed La3+ to mimic the effect of CE on tissue cAMP and cGMP levels. Lanthanum ions may have achieved this effect (i) by substituting for CE at some active site in the membrane receptor, or (ii) by displacing divalent cations to modify the activity of mucosal guanylate cyclase, adenylate cyclase, or the specific diesterases (2) .
The site at which La3+ inhibition of the enterotoxin-induced enterosorption occurred must have been downstream of the adenylate cyclase-guanylate cyclase control step of intestinal secretion. This being the case, the fact that this ion was effective against both V. cholerae and E. coli enterotoxins did not permit us to distinguish whether or not these two toxins worked via the same or different receptor systems (10, 12) .
The physiological effects of trivalent cations, such as La3+, are generally attributed to this ion displacing Ca2+ from some site (24, 25 Figure 1 does illustrate that divalent cations were unable to inhibit the CE-induced enterosorption.
Reducing the luminal fluid pH at the time of La3+ exposure reduced the La3+ inhibition of CE-induced enterosorption (Fig.4) . The curve for the La3+-pretreated loops is almost a mirror image of the electrophoretic mobility curve for isolated rabbit ileum epithelial cells (14) . These data indicate that the La3+ was initially adsorbed to luminal surface negatively charged sites, with an apparent pK of between 2.5 and 3.0.
Lanthanum inhibited HCO3-secretion more than Cl-secretion ( Fig. 2 and 3) . Inhibitors of protein synthesis, such as tenuazonic acid, inhibit CE-induced Cl-secretion more than HCO3-secretion (18) . Lanthanum might have had some direct effect, such as via carbonic anhydrase inhibition, which would account for its greater effectiveness against HCO3-secretion. Lanthanum interacted with HCO3-, forming a La2(C03)3 precipitate. This reaction took place when the loop was initially exposed to La3+, and the La3+ that was not precipitated in this way, adsorbed to some membrane anionic site or trapped in acidic mucosubstances, was flushed from the loop. Thus it is not possible that the removal of loop fluid HCO3-by precipitation with ionized lanthanum could account for the marked suppression of detected HCO3-secretion in this preparation. The above does explain why it was that such high concentrations of La3+ were required for a physiological effect compared to other systems (24) . The actual La3+ concentration accessible to the target cells was probably substantially less than the 30 or 40 mM originally present in the lumen.
Low concentrations of La3+ increased the CE-induced enterosorption in some cases. This may have been due to a La3+-induced increase in tissue cAMP levels augmenting the CE effect on this cyclic nucleotide.
When La3+ exposure occurred more than 30 min after toxin exposure, its effectiveness in inhibiting CE-induced enterosorption was reduced. This is very similar to the effect of this cation on the hydrosmotic response of the frog urinary bladder to antidiuretic hormone (25) . When added to the apical medium at concentrations in excess of 5 mM, La3+ inhibited the response to this hormone, provided the hormonal response had not yet fully developed. Like CE-induced enterosorption, the effect of antidiuretic hormone on the water permeability of this type of tissue involves a cAMP-mediated protein kinase system. The development of CE stimulation of intestinal mucosal adenylate cyclase takes place over several hours (13) . If La3+ were working to inhibit CE-induced enterosorption by inhibiting the development of phosphorylated proteins, its effectiveness would be reduced as the development of the stimulation of the adenylate cyclase-protein kinase system took place. The data illustrated in Fig. 3 are consistent with this explanation for at least part of the inhibitory action of La3+.
We attempted a timed study of tissue cAMP and cGMP levels to determine which cyclic nucleotide was the first to be affected by the CE. Using this in vivo model the variance of the absolute values of the levels of the cyclic nucleotides was such that statistically significant differences between sham and CE-treated loops were detectable only in the 5-h experiments. However, when the data were studied as cAMPcGMP ratios another pattern emerged (Fig. 5) . The data suggest that there is an elevation in intracellular cGMP which may precede the well-documented elevation of cAMP levels. A secondary decline in mucosal cGMP may have occurred as a consequence of, or coincident with, these elevated cAMP levels (2, 9) . This points to the possibility of cGMP playing a primary role in the CE-induced enterosorption. The bacterial enterotoxin may produce its physiological effect by first stimulating accumulation of cGMP. This may directly, or via the release of other mediators, increase the activity of adenylate cyclase. The fact that adenylate cyclase seems concentrated at the baso-lateral borders of mucosal epithelial cells (19) also suggests that one or more other steps are involved between the attachment of CE to its receptor at the luminal surface and the eventual increase in epithelial cell cAMP.
